Abstract-The penetration of wind power into the electricity grid is growing significantly. A significant portion of this wind power is being installed in distribution systems, of which most are passively operated. Under this operating practice, wind power can only be admitted based on minimum load and maximum generation consideration. This severely limits the wind power hosting capacity of the system. Hence, the use of active-management strategies (AMSs) has been proposed to increase the hosting capacity of distribution systems. This paper incorporates AMSs into two optimization models whose objectives are to maximize the net benefit of distribution system operator and wind farm owner, respectively. The AMSs considered are wind energy curtailment, coordinated on-load tap changer voltage control, and reactive power compensation. The models development is based on a typical medium-voltage distribution system in Sweden although it can easily be adapted to other cases. The application of the model to a distribution system in Sweden shows an increase in hosting capacity of the distribution system by 78% with mere 2.6% curtailed energy. That is, the hosting capacity of the distribution system has almost been doubled by using AMSs.
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I. INTRODUCTION
T HE global-installed capacity of wind power has shown significant growth, from just 24 GW in 2001 to 283 GW in 2012 [1] . This trend is expected to continue for some years to come [2] . Hence, a significant amount of wind power needs to be connected to the electric power system. Usually, larger wind farms are connected to transmission systems while smaller wind farms are preferably connected to distribution systems. Such preference arises from comparatively lower connection costs associated with installing wind power in lower voltage networks [3] .
However, integration of wind power in a distribution system can pose a number of power-quality (PQ) and reliability issues to the network. Thus, distribution system operators (DSOs) use the worst case analysis when determining the wind power hosting capacity in their system. This analysis is usually based on carrying out load-flow analysis using the minimum load condition in the system and the maximum expected wind power output. Various methodologies [4] - [8] have been proposed in the literature to determine the optimal sizing and siting of distributed generators based on this worst case analysis.
The approach based on worst case analysis ensures a system against potential power-quality and security concerns. However, when it comes to intermittent generations, such as wind power, maximum generation and minimum load rarely coincide in practice. Hence, this approach unnecessarily hinders the penetration of wind power into the electricity grid. It also deprives DSOs from the potential benefit they could gain from renewable generation. As a result, active-management strategies (AMSs) have been proposed to increase the hosting capacity of distribution systems [3] , [9] - [15] . The AMSs discussed in the literature include coordinated on-load tap changer voltage control [3] , [9] - [13] , [15] ; reactive power compensation (RPC) [3] , [9] - [12] , [14] , [15] ; and wind energy curtailment (WEC) [3] , [9] - [15] .
However, there is still a limit to the amount of wind power that can be installed using AMSs. For example, the hosting capacity of the network can be increased by curtailing part of the wind power during network overload or overvoltage. But WEC causes a loss in revenue for the WFO and cannot be used indefinitely. Similarly, RPC can be used to increase the hosting capacity of a network by avoiding overvoltage which would otherwise happen due to wind power. However, if used excessively, RPC may lead to unacceptable power losses in the network. Thus, there is a limit on the amount of wind power that can be installed using AMSs. In literature reviewed, for example, in the case of WEC, this is done either by limiting the amount of curtailed energy [9] , [13] - [15] or by constraining the capacity of wind power [3] , [10] - [12] . This approach, however, does not ensure optimal use of the AMSs as the limit of energy curtailed set at each case is chosen arbitrarily and not based on the cost benefit analysis.
In this paper, a model based on cost benefit analysis is proposed to determine the optimal use of AMSs thereby providing the optimal hosting capacity of distribution systems. The model is also used to compare the profitability of these AMSs with grid reinforcement.
Section II discusses the costs encountered and benefits gained by wind farm owner (WFO) and DSOs in connection with wind power. The optimization model is developed in Section III. Section IV provides the results of a case study. Finally, Section V provides the conclusion of this paper.
II. COSTS AND BENEFITS OF WIND POWER
This section provides the discussion of the main costs and benefits of the DSO and WFO.
A. Costs and Benefits of a DSO
1) Costs of a DSO:
The DSO may encounter a significant connection cost if there is a need to reinforce the network [16] . Otherwise, the connection costs up to the point of common coupling (PCC) are endured by WFO. Since this study focuses on increasing the hosting capacity using the existing system, no connection cost is assumed on the DSO. Other sources of cost for the DSO due to the connection of wind power are:
• an increase in network losses due to reverse power flow;
• curtailed wind energy, depending on the agreement between the DSO and WFO; • infrastructure for implementing AMSs.
2) Benefits of a DSO: Network investment deferral can be seen as the major benefit of distributed generations in general. However, due to uncontrollability of the energy input (i.e., wind speed) at the wind turbines and low correlation between stochastic load and wind power data, wind farms can only make minor contributions to network investment deferral.
Moreover, in countries, such as Sweden and the U.K., the WFO pays the DSO network fee for using the network [8] . This network fee usually breaks down into a combination of any of the following ones as determined by different regulatory frameworks [17] - [19] :
• fixed charge per month or per year;
• fee based on kilowatts installed or maximum injected per month or per year; • fee based on kilowatt-hours energy transmitted by the network; • fee based on kVArh reactive power consumed and transmitted.
B. Costs and Benefits of a WFO
1) Costs of a WFO:
The overall expenses of the WFO are affected by numerous parameters, such as the capital and variable costs of the wind turbine, the discount rates, and the economic lifetime of the wind turbine [20] .
Capital Costs: The capital cost includes the costs of the wind turbines, foundation, road construction, grid connection, and other project development and planning costs. According to the report by the European Wind Energy Association (EWEA) [2] , the capital cost in Europe differs between 1 million and 1.35 Million and the average turbine installed in Europe costs 1.23 million . Future forecasts by the European commission and European Wind Energy Association show that the capital cost will be lower than what it is today [2] . Moreover, the lifetime of the wind turbine is around 20 for onshore wind turbines and 25 years for offshore ones [2] .
Variable Costs: Variable costs include expenses pertaining to [20] • operation and maintenance (O&M) cost, which includes regular maintenance, repairs, and spare parts • land rental; • insurances and taxes; • administration, including audits, management activities, forecasting services, and remote-control measures. The current estimate of these variable costs obtained from EWEA is between 12 to 15 [2] .
2) Benefits of a WFO:
In most countries, renewable energy, hence wind power, is supported through regulating either the price or quantity of electricity from these sources [2] . In Sweden, green certificate is used to support energy from renewable sources. The average green certificate price in Sweden for 2011 was 27.92 [21] and the average electricity price at spot market was [22] . Hence, the average revenue gained in 2011 by producing 1 MWh of electricity from wind power is 75.77 .
III. OPTIMIZATION MODEL
This section develops a mathematical model that can be used to determine the optimal wind power hosting capacity of a distribution system. Separate objective functions are formulated for each actor (i.e., DSO and WFO) and optimized independently. However, the value of the other objective function is calculated to compare the result between the cases. Both objective functions are subject to the same equality and inequality constraints as provided below.
A. Objective Function 1) Objective Function of the DSO:
Here, it is assumed that the DSO agrees to pay the WFO for the curtailed energy. Hence, the objective, as formulated in (1), maximizes the net benefit of the DSO while covering the cost of curtailed energy and increase in network losses (1) where (2) The roles of the different terms in the objective function are described as follows.
• The first term accounts for the revenue from the network fee. The cost saving due to network investment deferral can also be included according to the calculation in [23] .
• The second term accounts for the cost of curtailed energy.
• The third term represents the cost of increased network losses.
• The last term represents any constant revenue or expense, for example, subscription fee and investment cost of the infrastructure for implementing AMSs. The coefficients of each term should be calculated as the present worth of the associated cost or benefit during the lifetime of the wind turbine.
2) Objective Function of the WFO:
Here, it is assumed that the WFO bears the cost of curtailed energy. Hence, the objective function which maximizes the net benefit of the WFO is formulated as (3) In this objective function:
• the first term accounts for revenues (including electricity and green certificate sell) and costs (investment cost, O&M costs) per kilowatt of installed capacity; • loss in revenue due to curtailed energy is accounted for by the second term; • the last term represents any constant revenues or expenses. Similar to the case of DSO, the coefficients in (3) should be calculated as the present worth of the associated cost or benefit during the lifetime of the wind turbine.
B. Constraints
The objective functions proposed in the previous subsection are subject to different equality and inequality constraints. These constraints are described below.
1) Equality Constraints:
The equality constraints are the load-flow equations [24] (4) where, for buses to which wind power is connected, can be replaced by (5) However, whenever the hosting capacity is limited due to the voltage rise problem, the limits on the tap ratio may be violated. Hence, under such conditions, there is a need to constrain the tap ratio within its limit. One way of doing this can be by modifying the load-flow equations to include the tap ratio as given in [25] . The modified load-flow equations proposed in [25] are given in (6)- (9) .
For a bus connected to the tap side of a transformer:
For any other bus (7) where (8) and (9) But, whenever there is no concern of violating the tap ration limits, it is better to use (4) since it can save considerable simulation time.
2) Inequality Constraints: The inequality constraints include the limit on the thermal capacity (current limit) of network components. This includes the limit on the ampacity of cables, as given by (10) 1 , and the power rating of the substation transformer, as given by (10) (11) The limit on the available range of tap ratio (12) The voltage limits on each bus (13) The limit on the AMS costs, that is, the cost of curtailed energy and the implementation cost of AMS , mainly compared to the alternative investment such as reinforcement (14) and the limit on available active and reactive power at each bus (15) and do not need to be bounded at the slack bus. Hence, at this bus, and can be assigned while and can be set to . For buses with wind power where is replaced as in (5), the constraint on can be given by (16) and , are given by (17) where is the minimum operating power factor level of the wind turbine. For the rest of the buses, all limits, that is, , , , and should be zero. Reactive power production from the wind turbines can be used to reduce the system losses and, hence, increase the net benefit of the DSO.
From the formulation above, it can be observed that the model is a nonlinear programming (NLP) problem with multiperiod OPF. In this paper, the problem is solved using GAMS with an interior-point-based solver (IPOPT) [26] .
IV. CASE STUDY
A. Network and Data Description 1) Network Description:
The case study is based on a rural 11-kV distribution system operated by Falbygdens Energi located in the Falköping area in Sweden. The network is fed by a 40-kV grid through a 11.5-kV, 10-MVA transformer. The tap changer of the transformer regulates the lowvoltage side of the transformer at 0.97 0.012 p.u. The voltage in the distribution system should be within 5% of the nominal value. There are 13 wind turbines, with overall installed capacity of 12.225 MW, already connected to the distribution system. A new wind farm is to be connected directly to the substation with an independent cable (see Fig. 1 ). The distance of the wind farm from the substation is 5 km. 2) Data Description: The existing 13 wind turbines in the distribution system have a varying capacity factor between 20% and 28%. From each of these wind turbines, there is one year hourly measured active power data. Hourly measured active and reactive power data at the substation are also available for the same period. Adding the wind power data and the active power data from the substation, the load along with active power losses in the network is extracted. From this, the minimum loading condition in the system is observed to be 0.5 M. Since most of these wind turbines operate at near unity power factor, the reactive power is assumed to come from the load. These time series load and wind power data are directly used in the optimization model. This also implies that the new wind farm is assumed to operate at unity power factor.
It should be noted that, with the given transformer size and the observed minimum loading condition, even without additional wind power, there is a probability of overloading the substation transformer. Hence, in the following analysis, WEC is used to increase the hosting capacity of the network. Since the hosting capacity of the network is not limited by overvoltage problems, RPC has no significant role. Tables I and II provide examples of the network fee charged by Falbygdens energi 2 [17] . The network fees depend on the rated capacity of wind power installed in the network, that is, whether the installed capacity is below or above some regulator assigned value (currently 1.5 MW).
B. Optimal Hosting Capacity of the Distribution System With Respect to the DSO
The different fees in Tables I and II are explained as follows.
• The metage fee is the fee paid by WFO to DSO for administration.
• Transmission benefit is the payment made by the DSO to the WFO to account for the benefits of distributed power production. On the other hand, Falbygdens energi gets the same level of reduction in payments made to the transmission system operator.
• Subscription fee is a yearly fee paid for subscription. 2 The data are original given in SEK. It is changed into using the all-time average exchange rate 9.2319 (as of December 4, 2012), obtained from the European central bank. • The peak power fee is the monthly fee paid by WFO based on the maximum one hour average wind power injected.
• The distribution fee is the amount paid by WFO per megawatt-hour of electrical energy injected. Assuming the installed capacity will be above 1.5 MW, the data in Table II are used for calculating the benefit of the DSO. Moreover, the costs of the DSO are the expense due to increase in network losses and the refund made to the WFO for curtailed energy. The monetary value of the cost of increase in power losses is taken to be the average spot market price for Sweden in 2011 47.85
MWh. For the curtailed energy, the DSO pays the WFO the opportunity cost of the curtailed energy, that is, the average spot market price plus the average cost of a green certificate. Besides, the DSO will lose some portion of the revenue from the network fee due to wind energy curtailment. On the other hand, the review of investment costs of different AMS implementation projects shows that the cost varies between -[27]- [32] . The costs vary depending on the number of points being monitored and controlled and the type of active-management strategies being implemented and the type of communication media used between the different points. However, as pointed out in [33] , the DSO may refund this cost by increasing the network fees. Of course, this will place additional cost on the WFO. Since some of these projects include the cost of research and development (R & D), the cost of AMS implementation is expected to decrease in the future. In the analyses carried out in this paper, this cost is assumed to be . The WFO bears this cost instead of the DSO. The AMS costs, which include the cost of curtailed energy and the implementation cost of AMSs, are compared against grid reinforcement which, in this case, is constructing a new substation. The cost of curtailed energy is taken as . This includes the loss in revenue from both green certificate and energy sell. The cost of new substation construction is roughly estimated to be 3 [34] . Thus, (13) can be rewritten as (18) Based on the cost and benefit data considered so far, the formula for calculating the coefficients of the objective function of the DSO is provided in the Appendix. The values of the coefficients are given in Table III for different capacity factors of the wind farm. It is assumed that the cash flows of the DSO due to the wind power do not change from year to year. Hence, the coefficients are calculated to maximize the annual net benefit of the DSO. This provides the possibility of assessing the net benefit of the DSO with different discount rates.
The results of the analysis, as presented in Table IV , show that with a small percentage of curtailed energy, a significant increase in hosting capacity can be achieved. With the existing transformer size and the minimum loading condition, it is possible to install only 10.5 MW ( 10 MW 0.5 MW) of wind power without overloading the transformer. But by allowing 1% WEC, in the case of the wind powerplant with 28% capacity factor, the hosting capacity is increased to 16.825 MW ( 12.225 MW 4.6 MW). This corresponds to an increase of 60% in hosting capacity of the distribution system. Table IV also shows the different cash flows of the DSO during the lifetime (assumed to be 20 years) of the project due to this additional wind power. These cash flows are calculated assuming a discount rate of 5%. Compared to the cost of grid reinforcement needed, the cost of curtailed energy is less than one-third. Moreover, curtailed energy is a more immediate solution for wind power integration than grid reinforcement.
On the other hand, the increase in network losses can be as important as curtailed energy in determining the hosting capacity of a given distribution system. So whenever large-scale integration of wind power to a network is considered, it is essential to study the resulting increase in the network losses.
However, Table IV does not show the hosting capacity to follow a specific trend with the capacity factor of the wind turbine. Though higher capacity factor generates increased revenue from network fee, it causes a loss in revenue due to the increase in curtailed energy and network losses. As a result, it is not straightforward to expect higher hosting capacity with an increase in capacity factor as in the case of WFO, which will be presented.
In summary, the analysis shows that the DSO can use AMSs to increase the hosting capacity of the network, thereby increasing the benefit obtained from wind power.
C. Optimal Hosting Capacity of the Distribution System With Respect to the WFO
Based on the discussion in Section III and the network fee data given in Table I , an estimate of the costs and benefits of a wind farm connected to the network of Falbygdens Energi are given in Table V . Using the cost and benefit data given in Table V , three cases are analyzed. The cases differ based on the capacity factor of the wind power and the discount rate of the investment. The coefficients of the objective function in(3) are calculated as in Table VI for the three cases. The cases are: Case 1) capacity factor 28% and discount rate 5%. Case 2) capacity factor 28% and discount rate 7.5%. Case 3) capacity factor 24% and discount rate 5%.
The formulas for calculating these coefficients are given in the Appendix as (20) . Table VII presents the optimal hosting capacity, WEC level, and the net benefit of the WFO and DSO for three cases. When calculating the net benefit of the DSO using (1), the formula for coefficient in (19) is modified since the DSO does not pay for curtailed energy. A similar modification is made to the coefficient in Section IV-B.
The different cash flows of the WFO are provided in Fig. 2 . These include revenues from electricity and green certificate sell, the expected investment cost, O&M costs of the wind turbine, costs due to network fee, the cost of AMSs (including the cost of implementing the AMSs and curtailed energy), and the net benefit.
Compared to the results in Table IV , the additional curtailment in wind power, for example, , does not result in a comparable boost in hosting capacity of the network, for example, . But still a significant increase in hosting capacity of 78% is achieved with relatively small curtailed energy at 2.6%. Moreover, the cost of AMS, as shown in Fig. 2 , is very low compared to other costs of the WFO. Table VII also shows that the hosting capacity decreases with the decrease in capacity factor of the wind turbine. This is reasonable since less capacity factor implies less revenue for the WFO. Hence, the WFO has less motivation to install more wind power when part of the electricity production is to be curtailed.
Table VII also shows that when the discount rate is increased, that is, from Case 1 to Case 2, more wind power is installed. This is because the hosting capacity in the analysis is limited due to the constraint in (18) . that is, a further increase in hosting capacity using WEC is found to be less profitable than investing in a new substation. Grid reinforcement, in our analysis, is composed of upfront costs only; hence, it does not depend on the discount rate. On the other hand, with a higher discount rate, the net present value of the cost of curtailed energy would be less. Hence, with a higher discount rate, higher wind power capacity can be installed by curtailing more wind energy. Fig. 3 presents more clearly the idea discussed in the previous paragraphs. The analysis is done for wind power having a capacity factor of 28%.
The figure shows that the hosting capacity of the distribution system can be increased indefinitely using curtailment. But the net benefit of the WFO increases only until the curtailed energy reaches 10%. Even curtailing this much energy to increase the hosting capacity is unreasonable as the alternative option, that is, grid reinforcement, can generate more profit. In fact, as can be seen from Fig. 3 , WEC is attractive only up to 2.6% curtailed energy.
On the other hand, Fig. 4 shows the costs and benefits of the DSO when the WFO bears the cost of curtailed energy. Despite significant loss in revenue due to increased power losses, the DSO continues to generate more revenue as the capacity of wind power in the system is increased.
D. Sensitivity Analysis
In the previous analyses, some fixed monetary values are assumed for a number of cost types which are more likely to vary from project to project and from time to time. Here a sensitivity analysis is provided to take this variability in the different costs into account. The sensitivity analysis is done on optimal hosting capacity of the network with respect to the WFO, i.e., based on the model considered in Section IV-C.
Several factors affect the net present value of the income of the WFO per MW of wind power installed. These factors include the capacity factor of the wind turbine, the discount rate, the investment cost of the wind turbine per MW, the O&M cost of the wind turbine, and the revenue from energy sell (this includes the price of electricity and green certificate). The availability of the wind farm can be included in the capacity factor of the wind farm. The variability of each factor affects the optimal capacity and the net benefit of the WFO differently. This has been seen for discount rate and capacity factor of the wind farm in the Section IV-C. In this section the average revenue of electricity sell is varied from 57 to 72 while keeping the remaining factors constant: , , discount rate = 5%, and capacity factor = 28%. This has resulted in net income per MW varying from to . In contrast, the net income considered in Section IV-C is . Similarly, varying levels of monetary values are considered for the cost of AMS implementation and the cost of grid reinforcement. Using the review of project costs provided above as basis, we have varied the cost of AMS implementation from to . For the grid reinforcement, we have varied the cost from to using the data in [35] as basis. Fig. 5(a) shows that with increased net income per MW more wind power can be installed until the constraint in (18) takes effect. For example, in Fig. 5(a) , when the net income per MW is above the hosting capacity decreases because the cost of curtailed energy increases. The cost of curtailed energy increases as there is an increase in price of electricity per MWh. Thus, (18) takes effect at a lower curtailment level and, hence, at a lower capacity. On the other hand, it can generally be said that with net income per megawatt below , it is not promising to invest on wind power even if the cost of AMS strategies is very low, as the cost of network fee is about . Moreover, Fig. 5(b) shows that the optimal wind power hosting capacity of the network with respect to the WFO increases with a decrease in cost of AMS implementation if the remaining factors are constant. When the cost of AMS implementation increases, at some point, AMSs are no longer a better solution than the grid reinforcement. However, it is interesting to notice that the cost at which AMS ceases to be attractive is significantly higher than the cost of grid reinforcement per megawatt of increase in hosting capacity.
Furthermore, Fig. 5(c) shows that when the cost of reinforcements falls to , it will not be attractive to invest in AMS. With the increase in reinforcement cost, the AMS option becomes more attractive to install more wind power.
In summary, WEC can be used to increase the hosting capacity of a given network. The optimal level of hosting capacity and curtailed energy depends on the capacity factor of the wind powerplant and the discount rate. With respect to the WFO, a higher capacity factor implies higher hosting capacity. But it is also affected by the discount rate, the cost of curtailed energy, and the cost of the alternative investment option (i.e., grid reinforcement). Moreover, in most cases analyzed in Fig. 5 , the optimal hosting capacity is limited by the constraint in (18) . This means the WFO can install more wind power without a decrease in the net benefit. However, if the WFO plans to install more wind power, it would be better to invest in grid reinforcement and gain a higher net benefit than that which can be obtained by using AMSs.
V. CONCLUSION
A model based on cost benefit analysis is proposed for determining the optimal wind power hosting capacity of a distribution system using AMSs. The model also ensures the profitability of using AMSs compared to grid reinforcement. The case study in this paper specifically focuses on optimizing the hosting capacity using WEC. In this regard, it is seen that the optimal hosting capacity of a given network is dependent on who covers the cost of curtailed energy: the DSO or the WFO. In either case, the hosting capacity is increased considerably.
In the case of the DSO, the hosting capacity of the network is increased by as much as 60% by allowing a mere 1% WEC. Moreover, for the DSO, the increase in power losses can have as much an effect on the hosting capacity as the WEC. The level of this effect depends on the resistivity of the grid from the point of connection onwards.
For the WFO, the increase in hosting capacity depends on the capacity factor of the wind turbines and the discount rate. In our analysis, the hosting capacity is increased by as much as 78% with 2.6% WEC. Unlike the case of DSO, here the hosting capacity is limited as the alternative option, that is, grid reinforcement becomes more attractive than curtailment if the WFO wants to install more. Hence, when determining the optimal level of wind power curtailment, one should not only focus on the profitability of the WEC but also conduct a comparison with an alternative option, such as grid reinforcement.
Moreover, under the assumptions and data used in this paper, the investigated distribution system has a higher installed wind capacity if the WFO pays the curtailment instead of the DSO.
It should be noted that many of the parameters (cost and benefits) considered in this paper may change from one regulatory period to the other, that is, the calculated optimal hosting capacity as well as the net benefit obtained by each actor can vary. Hence, the concerned actor may need to make additional sensitivity analysis.
On the other hand, though a small-scale distribution system is used here, the model is also tested using a 69-bus system with wind farms at multiple locations. The result has shown that the model can also be applied to larger systems. Appropriate scaling of the constituent equations and variables ensure faster convergence.
APPENDIX
Calculating the Coefficients of the Objective Function:
DSO Objective Function: (19) WFO Objective Function: (20) is the net present worth factor and is given by [36] (21)
